The DLR laser test range at Lampoldshausen allows for optical measurements under daylight conditions at distances up to 130 m. This infrastructure is very suitable for the development of standoff detection systems for biological, chemical and explosive hazardous substances. In a first step, laser-induced breakdown spectroscopy (LIBS) has been introduced to this test site. A basic LIBS setup and first LIBS spectra of selected samples are presented. A Nd:YAG laser beam was focused by a Cassegrain type telescope onto different samples at distances exceeding 50 m. The light of the generated plasma plume was collected by a Newtonian telescope and analyzed by a gated broadband CCD-spectrometer system. The Nd:YAG laser yields pulse energies up to 800 mJ at a wavelength of 1064 nm and a pulse width of 8 ns. Optionally the second and third harmonics can be extracted. LIBS spectra from 10 nm layers of gold on a silicon wafer were recorded. In addition, LIBS spectra from black powder were measured and compared to the spectrum of potassium nitrate, which is a main component of black powder and shows very characteristic emission lines. LIBS spectra of the above samples have also been acquired with an excitation laser wavelength in the eye-safe region. Recorded spectra are measured as a function of the laser wavelength, pulse energy and distance to the target substance.
INTRODUCTION
Conventional detection and identification of hazardous substances is either based on direct contact to the sample or limited to distances of a few meters or limited to certain substances of interest. These methods also represent a possible danger for operators. An ideal detection system should be quick, movable, easy to use and have a high selectivity for a large number of threat substances, and a high sensitivity with a minimum false alarm rate. From the interaction of laser light with these hazardous substances many laser-based standoff detection methods have been developed. For the case of explosives, a survey 1 of laser-based standoff detection and identification systems shows that none of the commonly applied techniques like laser-induced breakdown spectroscopy (LIBS) 2 , laser-induced fluorescence (LIF) 3 and Raman spectroscopy 4 are ready for full functional prototype manufacturing. In all measurement methods at least one high energy laser beam is directed onto the target and either the remitted or the back-scattered light is collected by a telescope and analyzed in a spectrometer unit. A general shortcoming of all laser-based detection methods is that the intensity of the returning light is very low especially at large distances. In realistic outdoor scenarios also the influence of the atmosphere has to be considered. It has effect on the transmission of the laser radiation and has influence on the measurements due to different weather conditions, optical turbulences, background lights, and dust particles. The demand to use the detection system at public places is another constraint. Therefore the laser radiation has to be within the eye-safe spectral region, which is distributed in the UV range below 400 nm and in the IR range above 1400 nm. For the development and evaluation of laser-based standoff techniques under realistic environments the DLR operates a laser test range in Lampoldshausen, Germany. This paper reports on first results of laser-induced breakdown spectroscopy at the DLR laser test range with the aim to integrate LIBS as one possible method for laser-based standoff detection. For the characterization of detection limits of this LIBS system, gold coated silicon wafers were chosen as target materials because of easy preparation of layers down to 5 nm thickness. As an example for hazardous substances, LIBS spectra of black powder were recorded. The spectra of these substances are measured at different distances with plasma generation at three different laser wavelengths and are discussed with respect to sensitivity and reproducibility.
EXPERIMENTAL

Laser test range
All LIBS experiments have been carried out at the laser transmission test range of the DLR in Lampoldshausen. The test range is designed for a wide variety of studies under free atmospheric conditions at distances up to 130 m (single path). Measurements of the main weather parameters include among others temperatures at different positions, humidity, visibility range and optical turbulence of the air. With a video monitoring and recording system, the infrastructure guarantees an efficient and safe experimental operation. An additional high-speed video system is available for fast processes. From the transmitting station building where the complete LIBS setup is located, the laser beam can be directed to the target at any position along the propagation path.
Setup for laser-induced breakdown spectroscopy
For first standoff detection experiments a laser-induced breakdown spectroscopy setup was integrated at the test range (Fig. 1) . The radiation source is an Innolas Spitlight 600-10 Nd:YAG laser with a repetition rate of 10 Hz, a maximum output energy of 800 mJ at 1064 nm and a pulse width of approximately 8 ns. In these experiments, the first three harmonics of the Nd:YAG laser were used for creating the plasma. The laser beam is expanded by a Cassegraintelescope to a diameter of up to 290 mm and is focused to the target which was positioned at distances of 15, 35, 55, and 135 m, respectively. The light emitted from the generated plasma is collected by a 400 mm diameter Newton telescope and is focused into an optical fiber with a diameter of 200 µm. The size of the laser foci depends on the wavelength and distance and calculated numbers can be taken from Table 1 . The collecting telescope covered an area with a diameter in the centimeter range. The spectrometer (Avantes AvaSpec 2048 USB) is triggered by the laser and ensures a proper timing. It is equipped with a Sony CCD chip and has an optimum sensitivity in the spectral range between 220 nm and 760 nm at a spectral resolution of 0.3 nm. In Fig. 2 a schematical drawing of the setup is shown.
Except for section 3.2, all presented LIBS spectra have been recorded after one single laser pulse. The integration time was set from 1.28µs to 1.2 ms after the laser shot. 
Samples for LIBS
The blank samples were commercially available silicon wafers. The wafers were coated with gold in a sputtering machine with different thicknesses from 5 nm to 40 nm in order to estimate the detection sensitivity. Standard commercially grade black powder has been sticked onto an aluminum carrier. The black powder layer was about 1 mm thick.
The Plasus Specline database (version 2.15, 2006) has been used for the identification of peaks from the plasma emission.
RESULTS AND DISCUSSION
Silicon wafers
The influence of the environmental conditions on the energy density on the silicon target can be seen from By comparing the spectra of silicon with and without gold layer it is possible to extract those lines which are contributed by gold only (Fig. 4) . The lines at the wavelengths 287.595 and 476.58 nm belong to the Au I transition between the states 6p ²P° -6d ²D (spin numbers 1½ and 2½ ) and between 6s ²S -6p ²P° (½ and ½ ). The intensities of these lines and the ratio between them have been examined at different excitation wavelengths, output energies, and distances. (Fig. 6) , the linear trend between excitation energy and measured plasma intensity is stronger interfered by atmospheric effects like optical turbulences. LIBS spectra of 10 nm Au-coated silicon wafers have been measured at distances of 15, 35 and 55 m with an excitation wavelength of 1064 nm. Fig. 7 shows the dependency of the measured plasma signal on the distance for two different excitation energies. The intensity of measured lines is decreasing non-linearly with the distance to the target according to the emission characteristics of the plasma lobe.
Black powder
Black powder is a mixture of sulfur, charcoal, and potassium nitrate (KNO 3 ). The plasma emission of KNO 3 shows a characteristic doublet at 692 nm. Figure 8 contains the LIBS spectra of KNO 3 and black powder with the plasma generated at 1064 nm and 355 nm, respectively. All peaks in the KNO 3 spectrum can be detected in the spectrum of black powder. The strong signal at 355 nm in the spectrum of black powder can be assigned to saturation effects on the CCD detector.
In the LIBS spectra presented in Figure 9 , the plasma has been generated by the laser wavelength of 1064 nm (upper panel), 532 nm (center panel) and 355 nm (lower panel) at a distance of 15 m. The spectra were recorded after a single laser pulse at energy levels of 59 to 82 mJ and show identical structures by means of line positions. Line intensities and intensity ratios change from excitation with 355 nm radiation to 1064 nm due to different absorption of black powder and different plasma temperatures. For longer measuring distances the influence of atmospheric conditions like solar radiation and optical turbulence can be observed. At a detection distance of 135 m it was not possible to gain a single shot LIBS spectrum of black powder. Figure 10 shows the LIBS spectrum of black powder at 135 m. In this case, 20 pulses of the 1064 nm Nd:YAG laser were fired onto the target. The average pulse energy was 500 mJ at 10 Hz laser repetition rate. At this distance, it can easily be observed that the laser focus spot is very inhomogeneous and tattered by atmospheric effects. The optical turbulence was measured to . Around the area where the ideal laser focus is expected a manifold of small plasmas can be noticed instead of one single plasma. The measured plasmas emission has been measured and averaged over 20 laser shots. It should be pointed out that the main cause for relatively weak LIBS signal is not the detection of the plasma emission which covers a much larger area compared to the area where the plasma is found. The laser beam is mainly disturbed by atmospheric effects which lead to poor energy densities on the target. These effects can be corrected by the use of more extensive, adaptive optics. In this way, it is expected to measure LIBS spectra far beyond the current maximum of 135 m.
SUMMARY
The DLR laser test range is highly suitable for laser-based standoff detection experiments. LIBS spectra of black powder and 10 nm gold layers on silicon wafers have been recorded under real atmospheric conditions at distances up to 135 m. It has been demonstrated that varying conditions of the free atmosphere strongly influences the resulting spectra with respect to reproducibility and detection limits -even at relative short distances from observation point to the target. Gold layers with a thickness down to 10 nm (corresponding to about 70 atomic layers) have been detected with one single laser pulse at a distance of 55 m. Spectra of black powder with plasma excitation at 1064 nm fit to published data 5 . Creation of the plasma at 355 nm results in similar LIBS spectra but has the advantage to have diffuse scattering at the target in the eye-safe wavelength region. At a distance of 15 m only 25 mJ pulse energy is needed to generate plasma with emission clearly above the signal-to-noise threshold. An accumulation of multiple laser pulses is helpful to gain LIBS spectra and detect black powder at distances larger than 100 m.
